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The p h y s i c a l p r o p e r t i e s of U02, ZrO , U02-Zr02 s o l i d solutions,
&02 -x' and Zircaloy-4 have been revieweg. Recommended and extrapolated v a l u e s of t h e s e p h y s i c a l p r o p e r t i e s a r e given. The p r o p e r t i e s covered i n t h i s r e p o r t a r e , t r a n s i t i o n temperatures, h e a t c a p a c i t i e s , heat cont e n t s , vapor presslires, thermal conduc$ivities and thermal expansion.
The temperature ranges and m a t e r i a l s covered were geared f o r use i n t h e a n a l y s i s of a loss-of-coolant r e a c t o r accident. 
I. INTRODUCTION
In various portions of the reactor safety program, including the LOFT experiments as originally planned, a knowledge of the high temperature physical-chemical properties of reactor fuel materials is required both for the safety analysis and planning which must precede such tests and for the proper interpretation of the behavior of the core materials during the tests. Since major industrial interest centers on Zircaloy-4 clad uranium dioxide, and the first LOFT core is projected to use this fuel-cladding combination, the pertinent physical-chemical properties of these materials (and compounds which might reasonably be produced by the chemical interaction of these two substances) have been collected for use in the LOFT safety analysis and data interpretation. Temperatures approaching 3000°C may be reached in the fuel elements after the loss-ofcoolant accident and it has not always been possible to find experimental values for the desired physical-chemical properties. In a number of cases best estimates have been made by the extrapolation of existing measurements guided by well known physical-chemical principles. Values for the following properties a.re reported: 
Thermal Expansion
For greatest utility the information in this report has been arranged in the following manner: Section 11, which follows immediately, contains t h e recommended values for the physical-chemical properties to be used in the aforementioned calculations. In all cases values based on experimental data and estimates are clearly differentiated.
Section I11 contains the sources of information, alternate presentations of information appearing in Section 11, and values for some of the physical properties which are not listed in Section 11. Recommendations for further work with these materials are contained in Section IV.
This survey was completed in July 1966 and includes information available from journals published as recently as ~u n e 1966 with the exception of one report published in September 1966. Research in this field is active, and pertinent information is appearing ,frequently; therefore, updating of this document in about two years would be advisable to continue to fulfill the needs of the reactor safety program.
It is expected that a General Electric report "Recommended Property and Reaction Kinetics Data for Use for Evaluating a Light-Water-cooled
Reactor Loss-of-Coolant Incident Involving ~ircaloy-b or 304 ss Clad U02", will be shortly published. [11 It is anticipated that the General Electric r e p o r t w i l l complement t h i s one i n s e v e r a l a r e a s , and t h e r e f o r e it i s suggested t h a t both documents ,be used as sources.of physical property d a t a . 11 . RECOMMEWDED Solid uranium dioxide has t h e face centered cubic s t r u c t u r e a t a l l temperatures up t o i t s melting p o i n t . [23
Many d i f f e r e n t values of t h e melting p o i n t of UO have been 2 reported. i n t h e l i t e r a t u r e , ranging from 2176 t o 2880°c. V a r i a t i o n s , o f t h e recent r e s u l t s i n d i c a t e t h a t the melting p o i n t l i e s between 2730 and 2880. The l a r g e range of reported melting points i s probabl f3:?jyj result.
of stoichiometry changes i n t h e UO during t h e measurements, 2 and t h e higher reported melting p o i n t s a r e probably t h e b e t t e r determinations. 1 .12 I r r a d i a t e d U02 I r r a d i a t i o n of U02 of course e f f e c t s t h e melting p o i n t a s a r e s u l t of t h e build-up of f i s s i o n products i n t h e f u e l . The r e s u l t s of two determination e change i n t h e melting p o i n t on i r r a d i a t i o n a r e ' i n disagreement.
The r e s u l t s given i n reference 8 i n d i c a t e an increase i n t h e m e l t i n g p o i n t a t low exposures. A t higher burn-ups t h e r e i s a rapid decrease i n t h e melting point t o about 2800'~. The melting point was only s l i g h t l y , e f f e c t e d between 5,000 and 50,000 ~d /~t U. The r e s u l t s given i n reference 10 a r e i n disagreement with t h i s work since a constant decrease of 3 2 O~/ 10,000 M W~/ M~ U was observed. The behavior observed i n t h e e a r l i e r work a t low i r r a d i a t i o n s may have been t h e r e s u l t of changes i n U02 stoichiometry r a t h e r than r e a l changes caused by f i s s i o n of U02. Since more data i s a v a i l a b l e a t high burn-ups i n reference 10, I recommend t h e constant decrease i n t h e melting point of 32°~/10,000 M W~/ M~ U, although f u r t h e r work i s needed t o resolve t h e d i f f e r e n c e s between t h e s e two determinations.
C 1 1 I
The reported t r a n s i t i o n temperatures have been reviewed by Schick , and f o r t h e monoclinic t o t e t r a g o n a l t r a n s i t i o n , a temperature of 1478% i s recommended. It has been shown t h a t t h e r e i s a t r a n s ' t i o n f om a t e t r a g o n a l t o a cubic form of Zr02 a t high temperatures.t12, 135 A temperat u r e of 2285O~ i s recommended f o r t h i s t r a n s i t i o n , which was determined using a high temp r a ure X-ray diffractometer. The recommended melting point i s 2700°c. T l l ?
The phase diagram f o t e zirconium-oxygem system has been reported by Hansen and co-workers. h-57 Since t h e phasc diagram does not show t h e monoclinic, t e t r a g o n a l , and cubic forms of Zr02, t h e p o r t i o n s of t h e phase diagram. a t higher oxygen content, g r e a t e r than 30 atom percent, i s considered t o be i n doubt; however, t h e liquidus-solidus curve i s probably reasonably accurate. This phase diagram i s given i n Figure 1.
Solid Solution of U02 and Zr02
There i s disagre ment between workers on t h e phase diagram f o r t h e Zr02 and UO system. 7 The t r a n s i t i o n temperatures of ~i r c a l o y -4 w i l l be d i f f e r e n t than those l i s t e d f o r pure zirconium. It has been shown t h a t oxygen, nitrogen, hafnium, and t i n r a i s e t h e B t r a n s i t i o n t m r a t u r e , t h e other a l l o y i n g i ngredient would lower t h e t r a n s i t i o n .
Since t i n i s t h e major a l l o y i n g ingredient, it would be expected t h a t t h e ate B t r a n s i t i o n would be a t a higher temperature than pure zirconium; however, t h e r e i s some evidence t o i n d i c a t e t h a t t h e a t o B t r a n s i t i o n temper t . e i s lower than t h e reported t r a n s i t i o n p o i n t f o r pure zirconium. A t r a n s i t i o n point, between 900 and ~OOO'C, has been reported, and a temperature of ~~o O C i s recommen ed
The melting point of ~i r c a l o y -4 has been reported t o be 1849'~. y23 j
THERMODYNAMIC PEOPJBTIES
The heat content of unirr d'ated UO has been determined above room temperature by t h r e e workers. a d -2 6 1 ~g e r e s u l t s of Popov e t a 1 i n t h e temperature range 160 t o 6 0 3 '~ i s only i n f a i r agreement with t h e measurements of Moore and Kelley, i n the temperature range 25 t o 1190'~. The r e s u l t s of Moore and Kelley a r e i n good agreement with t h e measurements of Conway and Hein, i n t h e temperature range 900 t o 235o0c, a t temperatures common t o both. The r e s u l t s of Moore and Kelley a r e recommended i n t h e temperature range 1200 t o 2830°c, although t h e r e i s considerable uncertainty i n t h e e x t r a p o l a t i o n of heat capacity and enthalpy above 2350'~. The The ~I;~ier'rr~uiiy'r~a~uic. p r o p e r t i e s of i r r a d i a t e d UO a r e unlcnown. It i s 2 expected t h a t t h e heat capacity of i r r a d i a t e d UO would be higher than t h a t of unirradiated U02, but not s i g n i f i c a n t l y gigher, since t h e percent increase i n t h e number of atoms present i s not l a r g e even a t high f u e l ,burn -up.
The measurements of t h e thermod a i c proper i
of Zr02 have been reviewed a a r e reported by Schick elT, Kelley, 128q , and i n t h e JANAF t a b l e s . ret7 Kelley gives equations f o r t h e enthalpy and heat capacity of Z r O i n t h e temperature range 25 t o 172T°C, and estimated t h e heat capaci?y in, t h e teuyerature range 1727 t o 2700°C. The data which Kelley and Schick and t h e JANAF t a b l e s r e f e r t o was obtained by t h e drop c a l o r imetry method. I f the t r a n s i t i o n from monoclinic t o t e t r a g o n a l Zr02 i s slow, t h e heat capacity data above 1 2 0 5 '~ i s probably i n e r r o r since t h e r e was probably only a p a r t i a l t r a n s i t i o n of t h e t e t r a g o n a l t o t h e monoclinic form on cooling. However, t h e data does show a sharp t r a n s i t i o n a t 1 2 0 5 '~. The heat of t r a n s i t i o n from t e t r a g o n a l t o cubic Zr02 was estimated t o be 3 kcal/mole from t h e d a t a compiled by H. W 20.8 kcal/mole and an 2 estimated h e a t capacity of 2 1 c a l / m~l e -~~ f o r molten Z r 0 2 A t high temperatures f o r a n~b e r of ceramic m a t e r i a l s t h e heat capacity increases w i t h temperature. T h i s i s probably because of t h e expected anharmonicity of v i b r a t i o n s and p o s s i b l e e l e c t r o n i c t r a n s i t i o n s . The higher heat capacity a s given by Schick, therefore, seems more reasonable and i s recommended The following a r e equations r e p r e s e n t i n g t h e heat capacity of these mixtr~rcn It i s not c e r t a h how r e l i a b l e t h e above equations a r e . Voronov e t a1,and Grimes e t a 1 have pointed out t h a t t h e d i f f e r e n c e s i n t h e reported phase diagrams a r e a r e s u l t of non-equilibrium conditions. The t r a n s i t i o n s a s observed i n t h e enthalpy data reported by Deem, only p a r t i a l l y correspond t o e i t h e r the data of Schaner e t a l , or t o t h a t of Grimes e t a l l . It i s suspected t h a t t h e heat capacity of non-equilibrium mixtures of UO -ZrO were measured. It would probably be n e a r l y a s 2 accurate t o esBimate t h e heat capacity of Zr02-U02 mixtures by multiplying t h e mole-fraction of each component by t h e heat capacity of t h e pure components. Figure 2 , and t h e heat of t r a n s i t i o n of t h e pure components, it would be p o s s i b l e t o reasonably estimate enthalpy a s a f'unction of temperature f o r t h e ZrO .-U02 mixture.
From t h e heat c a p a c i t y and from t h e temperature of t h e t r a n s i t i o n o r temperature range of t h e t r a n s i t i o n obtained from
2 The above equations a r e recommended f o r t h e h e a t capacity and enthalpy of mixtures of ZrO and U02 t h a t a r e near l i s t e d compositions. For another composition estimage t h e heat capacity and enthalpy from t h e heat capacity and enthalpy of t h e pure components.
The h e a t capacity of & o~-~ f o r 2 > x > 0 has not been measured.
A reasonable estimate of t h e heat capacity and enthalpy could be obtained by multiplying t h e heat c a p a c i t i e s o f . t h e hypothetical components, Zr02 and Z r , by t h e i r mole f r a c t i o n i n Zr02 -x.
The heat content and heat capacity of Zircaloy-4 should.be very c l o s e t o t h a t of pure zirconium since t h e a l l o y i n g metals a r e minor components. The composition of Zircaloy-4 i s approximately:
The a l l o y i n g of components i n Zircaloy-4 may change t h e t r a n s i t i o n temperat u r e s f o r Zircaloy-2 and Zircaloy-4 and thus change t h e heat contents i n t h e temperature region of t h e a t o B t r a n s i t i o n . The r e s u l t s given i n WCAP -(3269) -(3) f o r Zircaloy-4 a r e not however i n good agreement with t h e heat content and heat capacity of pure zirconium. The.heat content and heat c a p a c i t y data f o r pure zirconium should be used. K . K. Kelley [281 and t h e JANAF t a b l e s [291 have given t a b l e s and equations f o r t h e heat content and h e a t capacity of pure zirconium. The recommended heat content and heat capacity of Zircaloy-4 were derived from t h e s e references.
EQUrZlBRrUM VAPOR PRESSURES
l e a s e of many f i s s i o n products. Excessive vapor pressure may cause r u p t u r e of t h e cladding m a t e r i a l o r by vaporization from t h e surface give access of t h e f i s s i o n products within t h e f u e l p i n s t o t h e surface, where they may be released. The vaporization of a r e a c t o r m a t e r i a l may a l s o be a n important mechanism of heat t r a n s f e r .
I n the case of Zircaloy clad UO and f o r a loss-of-coolant accident,
'
t h e vaporization of U02 does not appear t o be d i r e c t l y important a s . a heat t r a n s f e r mechanism except perhaps a t temperatures near t h e melting point. Vaporization would be important i n d i r e c t l y s i n c e deposition on and vapor-izat i o n from t h e various surfaces w i l l change t h e e m i s s i v i t y of t h e f u e l p i n s and thus e f f e c t t h e r a d i a n t heat t r a n s f e r between f u e l pins.
The r a t e of vaporization i s dependent on a number of f a c t o r s . If equilibrium i s e s t a b l i s h e d , t h e r a t e of vaporization i s dependent upon t h e gas flow r a t e and t h e vapor pressure of t h e m a t e r i a l of i n t e r e s t . I n t h i s case t h e c a r r i e r gas becomes saturated with t h e vaporizing com- 
I t e e f f u s i o n study of t h e vaporization of uranium dioxide, Ackerman e t a 1 P337 covered the g r e a t e s t temperature range, 1600 t o 2 8 0 0°~, of any of t h e workers. A t temperatures above 2000 t h e apparent vapor pressure o? UO from t h i s work shows a p o s i t i v e d e v i a t i o n from t h a t expected f o r pure go:, ( g ) . Ackerman suggested t h e vapor species U 0 was t h e cause of t h i s deviation. Later workers have suggested t h a t 6h4s increased v o l a t i l i z a t i o n was due t o e i t h e r UO o r UO. Since a t temperatures above 2 4 0 0~~ t h e U02 becomes substoichiom2tric on vaporization, t h e proposed mechanisms f o r increased v o l a t i l i z a t i o n a t high temperatures waE e i t h e r a l o s s of atomic oxygen followed by an increase i n t h e v o l a t i l i z a t i o n of UO, UO , given i n reference 36, it appears t h a t the p a r t i a l pressure of UO or2u0 i s much lower than t h a t which would be necessary t o account f o r t h e iacreased v o l a t i l i t y observed by A ckerman. One possible explanation f o r t h i s increased v o l a t i l i t y , observed by several workers i n effusion experiments, i s reaction of the tungsten vessels with U02 followed by migration of oxygen t o the outer surface of the vessels and vaporization of oxygen from the surfaces of the tungsten vessels. Since the surface area of tungsten f o r the effusion experiments was orders of magnitude g r e a t e r than the surface area of the c e l l o r i f i c e , even r e l a t i v e l y small r a t e s of vaporization of oxygen from the metal surfaces of the effusion c e l l could f a i r l y r a p i d l y change the stoichiometry of the U02 i n the effusion c e l l s .
The data given i n reference 36 was determined using the transpiration technique. The oxygen content i n the transport gas was buffered by using water and hydrogcn gas mixtures. Thcir data i s i n cxccllcnt agrcement wfth the low temperature data of Ackerman e t a l . The equation given by Ackerman e t a i For t h e i r low temperature data i s recommended f o r the vapor pressure of UO?.
For the LOFT reactor experiment the gases i n the coolant channels might have an important bearing on the v o l a t i l i z a t i o n of UO
The p a r t i a l 2 ' pressure of oxygen i n t h i s gas can be rclatcd t o the p a r t i a l pressure of the known uranium oxide vapor species. Equations giving the p a r t i a l pressures of the other possible vapor species a s a function of oxygen p a r t i a l pressure and temperature have been derived from the f r e e energy functions given i n reference 41, the high temperature heat capacity given i n reference 26, the&: values given i n reference 41, and experimental data given i n reference 42. The f r e e energy functions were extended t o high temperatures using the high temperature heat capacity daka, and were f The vapor pressure of Zr02 i s much lower than t h e vapor pressure of U02 a t l i k e temperatures. The oxygen decomposition pressure, however, i s higher.
The Z r O formed by t h e oxidation of Zircaloy-4 w i l l have a considerable amount of m e i h l l i c Sn. This 8n w i l l probably be held within t h e g r a i n boundaries i n t h e Zr02, and w i l l slowly d i f f u s e out. The maximum e q u i l ibrium vapor pressure of Sn would be t h a t of t h e pure Sn.
The vapor pressure has been determined i n two recent s t u d i e s . One a mass spectrometric study and t h e o t h e r study a t r a n s p i r a t i o n s a H2 and H 0 atmosphere t o c o n t r o l t h e oxygen p a r t i a l pressure. The two segs of data a r e i n f a i r l y good agreement. The data given f o r the t r a n s p i r a t i o n experiments were chosen t o represent t h e vapor pressure-of Zr02, since t h e stoichiometry of t h e ZrO, was c l o s e l y controlled. The equation f o r t h e vaporization from solidLZrO .has been modified t o take i n t o account t h e d i f f e r e n c e i n heat capacity;Ac ,between s o l i d and vapor Zr02 . P
The work of Nalrata e t a 1 [451 i s recommended f o r t h e vaporization of Z r O from Zro2(s). This r e a c t i o n was studied by t h e e f f u s i o n technique, u s i n g a mass spectrometer t o determine t h e p a r t i a l pressure of each vapor s p e c i e s .
A heat of fusion of 20.8 
kcal/mole was used t o derive equations which give t h e p a r t i a l pressures of t h e important vapor species above l i q u i d Z r O and t h e heat of r e a c t i o n f o r t h e vaporization r e a c t i o n s of molten 2 Z r 02.
The following equations give t h e equilibrium vapor pressure of Zr02 and of ZrO a s a fmctkon ~f oxygen g s e i s u r e above s o l i d and l i q u i d ZrQ2: 3.21 Vaporization Processes f o r EulLd Z r O The t i n component i n t h e Zircaloy-4 has a higher-vapor pressure than t h e zirconium, and by v i r t u e of i t s higher vapor pressure w i l l p r e fe r e n t i a l l y vaporize from t h e a l l o y . 
It i s d i f f i c u l t t o ' p r e d i c t the r a t e o f vaporization of Sn above Zircaloy-4 since t h e Sn w i l l undoubtedly be depleted a t t h e surface of t h e cladding. The r a t e of vaporization of Sn would probably be dependent upon t h e r a t e of d i f f u s i o n of Sn t o t h e Z i rcaloy-4 surface. The vapor pressure of Sn would be approximately equal t o i t s mole f r a c t i o n a t t h e surface of t h e Zircaloy-4 tfmes t h e vapor pressure of pure Sn a t t h a t temperature. The r a t e of vaporization of zirconium from Zircaloy-4 cladding m a t e r i a l i s e a s i e r t o p r e d i c t since
THERMAL CONDUCTIVITY
The needs f o r accurate thermal conductivity data a r e .obvious.
Although a number of determinations of t h e . thermal. c o n d u c t i v i t i e s ' of t h e m a t e r i a l s of i n t e r e s t have been made, t h e r e a r e s t i l l g r e a t u n c e r t a i n t i e s i n t h e thermal c o n d u c t i v i t i e s of these materials. A more systematic approach i s needed ' t o evaluate t h e i n d i v i d u a l components of t h e thermal conductivity.
Reviews of t h e e a r l i e r d terminations of t m a 1 conductivity of 27 U02 a r e presented by Belle and by Seddon [427. Some of the d e t e rminations of t h e thermal conductivity t h a t a r e r e p r e t a t i v e of the l a t e
high tem r t u r e determinat'on a r e by qtora e t a 1 ?' Tq,
Nishijima e t a 1 148 I 9
Reiswig Peg! , Coplin e t a 1 t507, F e i t h 15l1, and Christensen e t a1[521.
A g r e a t number of determinations of t h e thermal conductivity of U02 have been made from room temperature t o temperatures approaching t h e melting point of U02. The d i f f e r e n c e s between t h e r e s u l t s of t h e many workers i n most cases i s probably not from experimental e r r o r s but from one o r more d i f f e r e n t changes i n s t r u c t u r e or composition. Some of t h e changes which appear t o be important a r e : 1. For low t e r a t u r e r e s u l t s , stoichiometry e f f e c t s thermal cond u c t i v i t y . ?R 2. Radiation damage e f f e c t s low temperature thermal conductivity (below 5 0 0~~) . The l a t t i c e damage can be annealed rom t h e Q i r r a d i a t e d UO, i f it j,s i r r a d i a t e d to l e s s than lo1 fissiu11s/cm3.
Beyond t h i s exposure t h e changes i n thermal conductivity cannot be annealed from t h e UOg [ 5 3 ]
3. A,L high .l;emperatures t h e stoichiometry oi' UU2 g r e a t l y e f f e c t s the thermal conductivity. This i s probably a r e s u l t of a change i n t h e amount f he e l e c t r o n i c contribution t o the thermal conductivity. 7547
Thermal cracking of t h e t e s t spe ns seems t o have a g r e a t e f f e c t on thermal conductivity. w??
The d i f f e r e n c e s between t h e r e s u l t s of t h e many workers can be explained by t h e above e f f e c t s . The values of thermal-conductivity of U02 obtained from i n -p i l e measurements a r e influenced by many of t h e abovementioned changes i n s t r u c t u r e and composition. Radiation damage of t h e l a t t i c e e f f e c t s t h e thermal conductivity of t h e UO a t t h e edges of t h e :fuel pins. The g r e a t thermal gradient across t h e go2 i n t h e f u e l pins causes cracking of t h e f u e l p i n s and migration of oxygen from t h e center of t h e f u e l p i n t o t h e outside of t h e f u e l p-in.
f e c t on thermal conductivity of U02 i n high burn-up f u e l .
The above e f f e c t s a r e believed t o cause t h e d i f f e r e n c e s b e t w e e n i np i l e thermal conductivity measurements and out-of-.pile measurements using unirradiated U02.
Unirradiated U02
The IAEA Panel on Thermal Conducti t of U02 has recomme t h e measurements of two workers, Stora e t a 1 Yt97 and Godfrey e t a 1 Godfrey e t a 1 measured t h e thermal conductivity i n t h e temperature range -5 7 '~ t o 1 4 0 0 "~. Due t o t h e change i n t h e p r o p e r t i e s of t h e thermocouples a t high temperatures only t h e r e s u l t s given i n the:.temperature range -57 t o 1 1 0 0 '~ ' were considered r e l i a b l e . Stora e t a 1 measured t h e thermal conductivity of U02 i n t h e temperature range' 200 t o 2 4 0 0 "~. These r e s u l t s a r e very s i m i l a r t o t h e r e s u l t s : of Godfrey:et.:al. It should be pointed out t h a t i n t h e measurements by Stora e t a l , by the r a d i a l heat flow technique, t h e r e were g r e a t temperature d i f f e r e n c e s across h i s sample which could have r e s u l t e d i n oxygen migration t o t h e outer edges of t h e sample. The stoichiometry of h i s sample was not measured a f t e r t h e determination s o t h a t l o s s or migrat i o n of oxygen from t h e U02 sample could have caused thermal 'conductivity changes during t h e experimental runs. The r e s u l t s of Stora e t a 1 a r e , t h e r e f o r e , considered t o be of much g r e a t e r uncertainty above 2 0 0 0 "~, probably by a f a c t o r of 2-3 a t t h e highest temperature. The r e s u l t s of Godfrey e t a 1 and Stora e t a 1 a r e shown i n Figure 3 along with the e st i m t e d l a t t i c e and e l e c t r o n i c contributions t o t h e thermal conductivity. Table I contains t h e recommended value f o r t h e thermal conductivity t o t h e melting p o i n t of U02. . .
- The e l e c t r o n i c contribution t o the thermal conductivity was calculated f o r U02, assuming UO be v s a s a nondegenerate semiconductor. P829 The equation of Drable and Goldsmid 5 was used t o calculate the electronic contribution t o t e hermal conductivity from the e l e c t r i c a l conductivity P 9 data of Casselton 53 , assuming t h a t e i t h e r the contribution of electrons t o the e l e c t r i c a l conductivity from migration i s much greater than t h a t from migration of holes, or t h a t the contribution t o the e l e c t r i c a l cond u c t i v i t y from migration of holes i s much greater than t h a t from migration of ezectrons. This would be a minimum e l e c t r o n i c contribution t o t h e thermal conductivity f o r a material behaving a s a nondegenerate semiconductor. The ~u m ot' the e l e c t r o n i c and l a t t i c e contributions are i n good agreement with the r e s u l t s of Lyons e t a 1 up t o 2500°C, but l i e below t h e r e s u l t s given by Stora e t a l .
A t high temperatures the l a t t i c e contribution t o the thermal conductivity could be i n considerable error, since the,theory predicting l a t The Zr02 produced from t h e oxidation of ~i r c a l o y -4 w i l l have a s impurities f r e e t i n and some other minor c o n s t i t u e n t s . The e f f e c t s of these components on t h e thermal conductivity i s uncertain; however, t h e e f f e c t i s probably small since it has been shown t h a t t h e a d d i t i o n of f r e e zirconium has l i t t l e e f f e c t on thermal conductivity I611 0.f y i t t r i u m oxide s t a b i l i z e d Zr02.
Very l i t t l e thermal conduckivity data i s a v a i l a b l e f o r pure Zr02, but a g r e a t d e a l pgli_gggrmation i s a v a i l a b l e f o r Z r O s t a b i l i z e d with various other oxides.
The d a t a f o r pure Zr02 progably b e s t r e p r e s e n t s t h e thermal conductivit of t h e m a t e r i a l formed by oxidation of ~i r c a l o y - 4 . 
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The data of Adamsr has been corrected t o zero p o r o s i t y and i s presented by t h e following equation:
Since t h e r c i s no data f o r p t r e ZrO above 1300°c, t h e above equation The contribution t o t h e thermal conductivity of convective .heat t r a n s f e r i s probably f a i r l y large,' since Z r O would be expected t o have a f a i r l y high P r a n d t l number. The thermal conductivity estimated from t h e e l e c t r i c a l r e s i s t i v i t y by t h e Wiedemann-Franz law g i considerably lower thermal conductivity than a t high temperatures; however, t h e e l e c t r i c a l t h a t reported by F e i t h conductivity data used was f o r zirconium containing 1.8% hafnium. Since t h e r e was l i t t l e change i n oxygen contcnt , i n t h e ~i r c a l . o y -4 during t h e determination, t h e thermal conductivity values a r e probably, reasonably eood; however, t h e r e s u l t s above 1 0 0 0 '~ should be considered much l e s s accurate than t h e lower temperature r e s u l t s .
The thermal conductivity. of molten ~i r c a l o y -4 w6~1ci probably not be appreciably higher than t h a t of s o l i d ~i r c a l o y -4 a t t h e melting point. s i n c e conduction by convection i n t h e molten metal would be expected t o be small since metals i n general have small P r a n d t l numbers.. A value .of t h e thermal conductivity of molten Zircaloy-4 was estimated by e x t r a p o l a t i n g t h e estimates f o r t h e thermal conductivity of s o l i d zirconium up t o t h e melting point. . 
THERMAL EXPANSION
A number of measurements of t h e thermal expansion of UO a r e a good r e p r e s e n t a t i o n of t h e a v a i l a b l e d a t a and a r e probably some of t h e more accurate determinations. The d a t a of C1~clsl;eiistn i s rccommndsd abcnre 2 2 0 0~~. The c~p e r i m e n t a l data of Conway e t a 1 a r e considered t o be more accurate than the data of Ch??,istensen i n the' temperature range common t o both; however, the c o e f f i c i e n t of thermal expansion a s a function of temperature, derived from t h e d a t a of Christensen, i s considered t o be accurate The thermal expansion of U02 determined by u~i n g an x-ray diffrac.l;ometer agrees well with t h e data of Conway e t a 1 t o temperatures approaching 1200'~. f761 Above 1 2 0 0 '~ bulk expansion measurements show corlsiderably greater l i n e a r expansion. This difference i s possibly due t o t h e presence of Schottky def e c t s a t high temperatures.
The above equations represent the isothermal expansion c h a r a c t e r i s t i c s of unirradiated U02. I n a reactor, however, t h e r e a r e g r e a t thermal s t r e s s e s i n U02 f u e l under irradiatiorl. The thermal expansion c h a r a c t e r i s t i c s of UO i n a f u e l p i n under i r r a d i a t i o n or under loss-of-coolant accident condigions would probably not follow the isothermal data. The percent thermal expansion would .probably be dependent upon other f a c t o r s such a s thermal gradients across the f u e l pin, and burn-up.
Further work i s needed t o determine the e f f e c t of these v a r i a b l e s on the thermal expansion of i r r a d i a t e d UO 2 There have been a number of determinations of the l i n e a r thermal expansion of pure.Zr0 below the monoclinic t o tetragonal t r a n s i t i o n . The decrease i n volume f o r the a t o B phase t r a n s i t i o n i s about 7.7%.
The a x i a l thermal expansion has been determined rystallographic ueasurements i n the temperature range 1205 t o 1700°C.tY87 These a x i a l expansions i n t h i s temperature range f o r the a and c a x i s respectively a r e 0.001235%/~~ and 0.001435$1/~~.
The following are the recommended thermal expansion c h a r a c t e r i s t i c s of tetragonzl Zr02: % Linear Expansion (from OOC ) = 1.302 x 10-3T (T inoc) 5.3 Zro2 -UO2 Solid Solutions 
IV. RECOMMENDATIONS FOR FUTURE WORK
For s h o r t time periods a f t e r a loss-of-coolant r e a c t o r accident, t h e r e a c t o r m a t e r i a l s w i l l maintain t h e i r o r i g i n a l shape, and very l i t t l e i n t e ra c t i o n of m a t e r i a l s w i l l take place. However, a t temperatures g r e a t e r than 1 0 0 0~~ t h e r e w i l l be i n t e r a c t i o n of cladding m a t e r i a l s with water vapor and f i n a l l y a t higher temperatures t h e r e w i l l be s o l i d -s o l i d , l i q u i d -s o l i d , gass o l i d , liquid-gas i n t e r a c t i o n s t h a t could produce a n e a r l y i n f i n i t e v a r i e t y of m a t e r i a l s . Obviously a l l of t,he possible m a t e r i a l s formed could not be characterized. It i s , therefore, very important t o i d e n t i f y important phases t h a t a r e f,ormed from i n t e r a c t i o n s of U02, Zircaloy-4, !Type-304 s t a i nl e s s s t e e l , and water vapor. The physical p r o p e r t i e s of t h e most important phases should then be determined.
Within, t h e scope of t h i s r e p o r t , t h e following information i,s lacking f o r t h e analyses of possible r e a c t o r accidents:
. . 
Phase diagram
